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Non-Watson–Crick base pairs in RNA–protein recognition
Thomas Hermann1 and Eric Westhof2
The cellular functions of most RNA molecules involve protein
binding, and non-Watson–Crick base pairs are hallmark sites
for interactions with proteins. The determination of
three-dimensional structures of RNA–peptide and RNA–protein
complexes reveals the molecular basis of non-Watson–Crick
base-pair recognition.
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Introduction
RNA molecules are key players in all steps of gene expres-
sion. Beyond their function as messengers, RNAs are
involved in regulatory processes and constitute essential
parts of the cellular machinery responsible for mRNA
splicing, transport and translation (reviewed in [1]).
Several catalytic RNA molecules (ribozymes) have been
discovered that function in the absence of proteins
(reviewed in [2]). Some ribozymes are more catalytically
efficient when associated with proteins, as has been found
for the RNA component of eubacterial RNaseP (reviewed
in [3]), whereas others are not catalytically active alone,
but become active in presence of specific proteins
(reviewed in [4]). Most cellular RNAs work in concert
with protein partners, either in permanent complexes,
such as the ribosome, or in transient associations, such as
the mRNA splicing machinery. The assembly of func-
tional RNA–protein complexes requires accurate recogni-
tion of the components. Here, we outline the important
role of non-Watson–Crick base pairs in providing sites for
the specific interaction of RNA folds with proteins. We
will also discuss recent structures of protein–RNA com-
plexes that do not rely on the involvement of base pairs
for protein–RNA recognition. All base pairs observed in
crystal and nuclear magnetic resonance (NMR) structures
have been itemized and described recently [5]. 
The A-form RNA double helix is a poor target
for specific interactions 
RNA secondary structure is defined by contiguous canoni-
cal Watson–Crick pairs formed by hydrogen bonding
between the complementary bases adenine–uracil (A–U)
and guanine–cytosine (G=C; Figure 1). The definition of
secondary structure in RNA includes the most common
non-Watson–Crick pair: the wobble G•U pair. Stacking of
canonical pairs gives rise to double-stranded helices;
regular A-form helices are the basic building blocks of all
RNA architectures known so far. In contrast with B-form
DNA, which has a wide major groove and a narrow minor
groove, A-form RNA has a narrow deep groove and a wide
shallow groove (Figure 2). The discriminatory major-
groove edges of the base pairs are buried in the inaccessi-
ble deep groove [6], whereas the shallow groove permits
access to the rather uniform minor-groove side of canoni-
cal pairs. Moreover, the polar groups of the Watson–Crick
face of the bases, potential sites for hydrogen bonding, are
engaged in base-pair interactions. Regular A-form RNA
helices therefore have little potential for specific recogni-
tion by proteins. Here, we emphasize the central role and
importance of non-Watson–Crick pairs. In the DNA field,
a mismatch (i.e. a base pair involving noncomplementary
bases) is a potential locus for deficient or carcinogenic bio-
logical development. In the RNA world, however, non-
Watson–Crick pairs are key determinants for proper native
folding of the RNA and for RNA recognition by proteins
or other ligands, such as ions or antibiotics. We will there-
fore avoid the term ‘mismatch’ when describing non-
Watson–Crick base pairs in RNAs.
The dual role of non-Watson–Crick pairs
Pairwise combinations of hydrogen-bonded coplanar bases
other than Watson–Crick pairings give rise to noncanonical
or mismatch pairs (reviewed in [5,7,8]). The G•U wobble
base pair and G•A pairs are the most common non-
Watson–Crick pairs in large RNA molecules such as riboso-
mal RNA (rRNA) [9,10]. Non-Watson–Crick interactions
between nucleotides are also found in triples, in which a
third base forms hydrogen bonds with a canonical pair.
Some types of non-Watson–Crick base pairs are incorpo-
rated into stacked RNA stems without disrupting the
helical structure, but they do distort the regular A confor-
mation [11]. Some non-Watson–Crick pairs particularly
affect the lateral dimension of the deep groove, however,
without affecting its characteristic depth (Figure 2).
Unpaired nucleotides adjacent to noncanonical pairs
increase the flexibility of the RNA backbone, thereby facili-
tating the widening of the deep groove. Non-Watson–Crick
pairs and triples can distort the RNA deep groove to an
extent that allows protein domains with ordered and regular
secondary-structure elements, such as β turns (Figure 2)
and α helices (Figure 3), to be accommodated.
In addition to deforming the shape of the deep groove in
RNA helices, non-Watson–Crick base pairs serve as spe-
cific recognition sites in hydrogen-bonding interactions
with proteins. In noncanonical pairs, alternative sets of the
polar donor and acceptor groups of the bases are available
for intermolecular contacts because of the different hydro-
gen bonding patterns and arrangements of bases to those
of canonical pairs.
Protein-binding sites formed by
non-Watson–Crick pairs, triples and loops
The protein- and peptide-binding sites in three-dimen-
sional structures of RNA complexes known so far suggest
that single non-Watson–Crick base pairs are comple-
mented by additional RNA motifs to form recognition sur-
faces for the substrates.
Tandem stacks of two noncanonical base pairs are found
in the Rev peptide-binding sites of the HIV-1 Rev-
response element (RRE) RNA [12] and a Rev-specific
aptamer RNA (Figure 3) [13]. In the Rev complex of
RRE and the aptamer, the peptide binds in an α-helical
conformation to the RNA deep groove, which is widened
by a cis Watson–Crick G•A pair (Figure 3d) followed by
either a trans Watson–Crick G•G (RRE) or the isosteric
A•A pair (aptamer) (Figure 3c,e). Adjacent bulged-out
nucleotides facilitate the widening of the deep groove.
In both complexes, the G•A pair is recognized by the
same asparagine residue in the peptide forming intermol-
ecular hydrogen bonds with the two purines simultane-
ously (Figure 3d). The symmetric G•G and A•A pairs in
RRE and the aptamer, respectively, are not involved in
direct contacts to the peptide. The opening of the
peptide-binding pocket in the deep groove of RRE,
however, strictly requires a homo purine pair isosteric to
G•G. RRE variants obtained using in vitro selection
showed high affinity for the Rev protein only when a
G•G or A•A pair could be formed between the base posi-
tions 48 and 71 [14].
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Figure 1
Hydrogen bonding in canonical Watson–Crick base pairs A–U and
G=C. Hydrogen-bond donor and acceptor sites are marked by red
arrows. The Hoogsteen-pairing sites of the purines are indicated
along with the orientation of the base-pair edges towards the
major/deep and minor/shallow grooves in double-stranded helices.
Hydrogen-bonding interactions also occur very frequently at the
shallow-groove side of isolated bases or of base pairs. The color
scheme (A, orange; U, green; G, pink; C, blue–purple) is used
throughout in the following figures.
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Interestingly, binding of Rev protein to RRE is inhibited
by aminoglycoside antibiotics such as neomycin B, which
specifically recognizes the G•G pair in RRE [15]. Foot-
printing experiments on RRE–neomycin complexes have
revealed that the drug interacts with G47 and G48 in the
G•A and G•G pairs [16]. Structural data available for other
RNA–aminoglycoside complexes (reviewed in [17])
suggest that the aminoglycosides may form polar hydro-
gen bonds with their protonated amino groups to N7 and
O6 accessible at the Hoogsteen edge of the guanines.
Similarly, a cis Watson–Crick G•A pair has been identified
as a specific recognition site for a designed zinc finger
protein motif [18]. It has been suggested that the G•A
pair, embedded in a regular RNA duplex, is involved in
two hydrogen bonds to a lysine sidechain that contacts the
Hoogsteen edge of the guanine [18].
In the Rev-specific aptamer RNA, a U•A–U triple con-
tributes to the peptide-binding site [13]. The arrange-
ment of bases in the triple corresponds to a classical
U•A–U trimer in which both Watson–Crick and Hoog-
steen base-pairing sites of adenine are engaged simulta-
neously [7]. Stereochemically identical U•A–U triples
open up the deep groove for substrate binding in BIV
TAR RNA [19,20] in complex with a Tat peptide
(Figure 2b) and a class II Rev-aptamer RNA [21] bound
to a Rev peptide (Figure 4a). In the TAR complex, an
isoleucine sidechain of the Tat peptide in the deep
groove packs against the hydrophobic C5–C6 edge of the
uracil base [19,20] that binds to the Hoogsteen face of
adenine in the U•A–U triple.
The BIV TAR RNA, the class II aptamer and the boxB
RNA [22,23] (Figure 4b) provide examples of peptide-
binding sites formed by combinations of base mismatches
with adjacent loops. In the complexes of these RNAs and
Tat, Rev and N peptide, respectively, the peptide-binding
pocket opens up towards a loop that folds away from the
groove to allow the substrate to enter. Sheared G•A pairs
terminate the loops and participate in hydrogen bonding to
arginine residues of the peptide in the class II Rev
aptamer and the boxB RNA complexes (Figure 4). The
arrangement of bases in sheared G•A pairs projects the
Hoogsteen edge of the guanine towards the deep groove,
making it readily available for contacts with amino acid
sidechains (Figure 4c,d). Among mismatch pairs involved
in protein recognition, sheared G•A pairs stand out, given
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Figure 2
Dimensions of the major/deep groove in
nucleic acid duplexes shown from the side
(top) and looking into the groove (bottom).
(a) In regular A-form RNA helices, the major
groove is deep and narrow. (b) Non-Watson–
Crick base pairs, triples and adjacent loops
distort the A-form geometry of RNA helices,
leading to a expanded deep groove without
reducing its characteristic depth. In the
complex between BIV Tat peptide and TAR
RNA [19,20], the peptide (cyan) binds in a
β-turn conformation to the RNA deep groove
widened by an U•A–U triple, in which adenine
(orange) participates in noncanonical pairing
with one of the uracils (green). Adjacent to
the triple, an unpaired nucleotide (grey)
facilitates the widening of the deep groove.
(c) In B-DNA, the major groove is much wider
but less deep than in double-stranded RNA.
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their wide distribution in natural RNAs (reviewed in [24]).
In addition to their ability to distort RNA duplexes and
provide hydrogen-bond partners, sheared G•A pairs have a
characteristic in-plane breathing motion that may facilitate
the interaction with protein ligands [25].
A combination of sheared G•A pairs with other noncanoni-
cal purine–purine base pairs participating in protein recog-
nition sites is found in the loop E motif of 5S rRNA and the
sarcin/ricin loop of 23S rRNA. NMR and X-ray structure
analyses of the sarcin/ricin loop [26] and a 5S rRNA domain
[27,28] have revealed the extensive base pairing in loop E,
which comprises seven consecutively stacked noncanonical
base pairs, including sheared G•A, trans Hoogsteen A•U
and bifurcated G•G pairs. The non-Watson–Crick pairs in
loop E are stabilized by bridging water molecules between
bases and Mg2+ bound to the deep groove. Both the
shallow and deep grooves are widened in the loop E motif,
allowing protein domains access to the unique binding
surface created by the hydrogen bond donors and acceptors
of the base pair edges. Protein sidechains could specifically
bind to the non-Watson–Crick pairs, displacing metal ions
and water molecules by positively charged groups (see
below). A three-dimensional structure for a loop E motif in
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Figure 3
Peptide-binding sites involving stacks of
tandem noncanonical base pairs in RNA
duplexes. (a) In the complex between an HIV-1
Rev peptide and Rev-response element (RRE)
RNA [12], the peptide binds as an α helix into
the deep groove widened by a G•G pair (c)
following on a cis Watson–Crick G•A pair (d).
(b) The same peptide binds in the deep
groove of an RNA aptamer [13] that contains
an identical G•A pair and a symmetric A•A pair
(e) isosteric with the corresponding G•G pair
in the RRE RNA. A U•A–U triple identical to
the triple in the BIV TAR RNA (see Figure 2b)
participates in the peptide-binding site. (d) In
both complexes, the sidechain of the same
asparagine residue forms specific hydrogen
bonds to groups at the deep-groove edge of
the G•A pair. G47•A73 and G6•A30
correspond to the RRE RNA and the aptamer,
respectively. Unpaired nucleotides in (a) and
(b) are shown in grey.
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complex with a protein is not available, but this RNA motif
has been identified in a number of large RNAs [29] that are
known to interact with proteins. Loop E of 5S rRNA is part
of the binding site for ribosomal protein L25 in Eubacteria
[30], L5 and transcription factor IIIA in Eucarya [31,32].
GNRA tetraloops as protein-recognition sites
The pentaloop in the boxB RNA adopts a GNRA tetraloop-
like conformation (N is any nucleotide; R is a purine) by
extrusion of one nucleotide [22,23] (Figure 4b) induced by
binding of the N peptide [33]. GNRA tetraloops are very
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Figure 4
Peptide-binding sites involving sheared G•A
pairs adjacent to a loop. In the complexes of
(a) the HIV Rev peptide bound to a class II
RNA aptamer [21] and (b) the N peptide
bound to boxB RNA [23], an arginine residue
forms hydrogen bonds to the Hoogsteen
edge of a guanine in a sheared G•A pair. The
arginine binds via a single amino group (c) in
the aptamer complex and, in addition, via the
secondary amino group (d) in the boxB
complex. Bulged-out nucleotides are shown in
grey stick representation.
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frequent in large RNA folds because of both their confor-
mational stability and their ability to participate in tertiary
contacts with other RNA motifs [34–36]. A characteristic
structural feature of GNRA loops is the terminating sheared
G•A pair that involves the first and last residues of the
tetraloop [37,38]. The sheared G•A contributes specific
intermolecular hydrogen bonds to the N peptide in the
boxB RNA complex [22,23] and, therefore, protein recogni-
tion of GNRA motifs is likely to be a general theme of
RNA–protein interactions. Another example is the riboso-
mal sarcin/ricin loop capped by a GAGA tetraloop [26],
which is an identity element for the recognition by the
ribotoxic protein ricin [39].
Specific binding of proteins to GNRA motifs is expected
to play a major role in large RNA–protein assemblies such
as the ribosome [40,41]. Recent progress in the determina-
tion of three-dimensional structures of complete ribosomal
subunits [42–44] will, therefore, greatly expand the reper-
toire of known GNRA loop–protein interactions.
Recognition of non-Watson–Crick pairs by
displacing bridging water molecules or ions
In the crystal structure of the loop E motif of 5S rRNA,
three non-Watson–Crick pairs at the center of a stack of
seven noncanonical pairs are stabilized by water molecules
and magnesium ions bridging the bases [27]. Proteins that
bind to the loop E motif in different RNA folds (see above)
might recognize the noncanonical pairs by replacing the
bridging water molecules or ions with polar or charged
amino acid sidechains.
The determination of the crystal structure of the spliceo-
somal U2B′′–U2A′ protein complex bound to a fragment
of U2 small nuclear RNA (snRNA) has revealed a similar
situation [45]. The U2B′′ protein binds to a 11-nucleotide
loop that is closed by a noncanonical U•U pair joining the
loop to a regular duplex (Figure 5a). The terminal amino
group of a lysine sidechain is positioned at the deep-
groove edge of the U•U pair in a proper orientation that
allows hydrogen bonds to form with the O4 carbonyl
atoms in both uracils (Figure 5c). At the position of the
lysine amino group, a water molecule bridging the uracil
bases is found in stereochemically identical U•U pairs in
the three-dimensional structure of an RNA duplex con-
taining an internal loop [46]. The interaction between the
lysine sidechain of the U2B′′ protein and the U•U pair
directs the orientation of the adjacent RNA stem, provid-
ing a subtle mechanism for the discriminatory recognition
of other spliceosomal proteins [45]. 
Recognition of noncanonical pairs in the
shallow groove
The structural uniformity of the shallow-groove edges of
Watson–Crick base pairs renders them poor targets for
specific recognition. Noncanonical base pairs introduce
asymmetries in the shallow groove of RNA duplexes that
allow subtle structural discrimination in ligand binding.
Specific recognition of a base pair in the shallow groove
has been observed for G•U wobble base pairs. The
alanine tRNA contains a single G•U pair in the acceptor
stem that is a major determinant in specific aminoacyl-
ation by tRNAAla synthetase [47]. Variant tRNAs in which
the G•U pair is mutated or guanine is replaced by inosine,
which lacks the 2-amino group of guanine, are not amino-
acylated by the synthetase [48]. These findings indicate
that tRNAAla synthetase recognizes guanine in the shallow
groove by its exocyclic 2-amino group, which is not
involved in base pairing in G•U wobble pairs. Using an
RNA microhelix derived from the acceptor stem of
tRNAAla as a binding substrate in phage-display selection,
a 28-amino acid peptide has been obtained that binds to
the shallow groove exclusively of RNA helices containing
a G•U wobble pair [49].
The shallow-groove recognition of G•U wobble pairs is
facilitated by the geometry of the base pair, in which the
uracil is pushed into the deep groove, creating a depres-
sion on the shallow-groove surface. This site is, in many
cases, occupied by a water molecule bridging the two
bases of the wobble pair [50]. The specific binding of
ligands to the shallow-groove edge of G•U pairs is there-
fore likely to involve displacement of a bridging water
molecule (see above). The docking of a carbonyl oxygen
atom into the shallow-groove depression and hydrogen
bonding to the exocyclic 2-amino group of guanine have
been suggested as the basis for specific recognition of G•U
wobble pairs within helices by isoalloxazines [51].
tRNA–synthetase interactions provide yet another example
of recognition in the shallow groove of a non-Watson–Crick
pair. A sequence comparison analysis has shown that the
first (32) and last (38) residues of the seven-membered
tRNA anticodon co-vary so as to maintain characteristic
bifurcated hydrogen-bonded pairs [52]. In the complex of
tRNAGln and its cognate synthetase, a contact between an
asparagine sidechain and a uracil within a single-hydrogen-
bonded U32•U38 pair has been discovered [53]. A hydro-
gen bond is formed between the amide group of the
asparagine sidechain and the O2 carbonyl atom of the
uracil, projecting into the shallow groove. Despite the
recurrence of non-Watson–Crick pairs in tRNAs, examples
of recognition of noncanonical pairs by tRNA-binding pro-
teins are scarce. Clearly, most of them are necessary for
maintaining the native architecture of tRNAs. Further-
more, one may speculate that the numerous modifications
of nucleotides may be preferred as specific recognition ele-
ments of tRNA structures.
The recently determined three-dimensional structure of a
58-nucleotide RNA fragment of 23S rRNA in complex
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with ribosomal L11 protein [54,55] shows the most exten-
sive case of shallow-groove recognition in an RNA–protein
complex yet. The L11 protein binds with a 15-residue
α helix to a shallow-groove surface of the RNA fold
(Figure 5b). Two consecutive amino acids within the
α helix, namely Gly130 and Thr131, are involved in
hydrogen bonds to a noncanonical A•U pair in the RNA
(Figure 5e). The trans-Hoogsteen A•U pair is formed by a
long-range tertiary interaction between an adenosine and a
uridine, which ties together the RNA fold.
Conclusions
Canonical Watson–Crick pairs in RNA can be considered
as the most basic unit for building three-dimensional
frameworks. Together, these units form rather regular
helices, interrupted at defined positions by unique interac-
tion or recognition motifs that promote RNA–RNA or
RNA–protein contacts. Because of their protean diversity,
the simplest motifs generating irregularities and asymme-
tries suitable for specific interactions are noncanonical base
pairs. The non-Watson–Crick pairs can occur in single
occurrences within a helical stem or as stacks of tandem or
more base pairs forming intricate and recurrent motifs, like
that of the loop E motif [26–29]. The three-dimensional
structures of RNA–peptide and RNA–protein complexes
reveal non-Watson–Crick base pairs as key elements of
RNA recognition. At the interface between the worlds of
RNA and protein molecules, the exceptions from the
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Figure 5
Recognition of non-Watson–Crick pairs in
larger RNA–protein complexes. (a) In the
complex of the spliceosomal U2B′′–U2A′
proteins bound to an snRNA hairpin fragment
[45], a U•U base pair closing the RNA stem is
recognized from the deep-groove side by a
lysine sidechain of the U2B′′ protein. (b) The
lysine residue forms hydrogen bonds to O4
carbonyl atoms of both uracils in the U•U pair.
(c) In place of the lysine sidechain, a water
molecule (red sphere) has been found
bridging the carbonyl groups in
stereochemically identical U•U mismatches
within an RNA duplex [46]. (d) In the complex
between the ribosomal L11 protein and a
fragment of the 23S rRNA [54], a
noncanonical cis Hoogsteen A•U pair (e) is
involved in protein contacts. The A•U
mismatch forms hydrogen bonds to a
threonine sidechain and the peptide
backbone within an α helix (blue) that binds to
a shallow groove face of the RNA fold. 
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Watson–Crick geometry do indeed rule the geometry of
base pairs involved in specific protein binding.
Two recent crystal structures of RNA–protein complexes
are in stark contrast to the those described above: in both,
the Sex-lethal protein complexed with the tra mRNA pre-
cursor [56] and the trp RNA-binding attenuation protein
(TRAP) bound to its recognition RNA [57], the protein
recognizes specifically a single-stranded RNA. The Sex-
lethal protein binds to a characteristic U-rich polypyr-
imidine tract, and forces female-specific alternative
splicing. The polypyrimidine tract has no base pairs and
has an extended, but structured, conformation, with
several intra-RNA hydrogen bonds between the hydroxyl
groups and phosphate anionic oxygen atoms. Interestingly,
all but one ribose ring adopts the nonhelical C2′-endo
pucker, which is rare in structured RNAs. The RNA winds
around a fairly long cleft within the protein, promoting
numerous contacts between protein sidechains and the
pyrimidine bases or the sugar-phosphate backbone. Muta-
tions within the polypyrimidine tract would induce sec-
ondary-structure formation, preventing or weakening
specific binding to the protein. In the striking structure of
TRAP bound to RNA [57], the protein, an 11-mer acti-
vated by the co-factor L-tryptophan, folds into a circular
belt of 80 Å diameter to which eleven GAG triplets are
bound by specific interactions with the bases (e.g. a gluta-
mate with the N1 and N2 nitrogens of a G or stacking of a
lysine or a phenylalanine with a G).  Although single-
stranded, the GAG triplets adopt a helical-like conforma-
tion with the sugar-phosphate backbone, presenting
hydration sites similar to those seen in free RNAs [50].
The nucleotide backbone is recognized solely via one H-
bond involving a 2′-hydroxyl group and a NH mainchain
group. The two complexes [56,57] illustrate the diversity
of RNA recognition. As discussed above, the recognition of
RNAs with defined secondary structure elements relies on
the variety of non-Watson–Crick pairs. In contrast, in the
Sex-lethal complex, the protein recognizes a nonhelical and
convoluted RNA single-strand via base and backbone con-
tacts, whereas, in the TRAP complex, the protein recog-
nizes a helical-like complex using essentially the base
polar groups. RNAs with positive selective pressure for
avoiding secondary structure therefore use different recog-
nition principles to govern their interactions with proteins
than those used by RNAs under positive selective pressure
for maintaining secondary structure. 
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